Abstract--Analytical and high-resolution transmission electron microscopy of weathered plagioclase and K-feldspar provided microtextural and chemical data that suggest a sequential formation of weathering products. An alteration layer < 1 um thick on feldspar surfaces had short-range order and was termed protocrystalline. Relative to the parent feldspars the protocrystalline layer was depleted in Ca, Na, K, and Si and significantly enriched in Fe. On plagioclase, the protoerystalline material was replaced by CaFe-K-smectite, another protocrystalline material, and spherical halloysite. Abundant tubular haUoysite on the corroded surface apparently formed by reprecipitation of components released by plagioclase dissolution. The K-feldspar was markedly more resistant to weathering than the plagioclase.
INTRODUCTION
Feldspars are the most abundant constituents of igneous rocks; the products of their weathering form major components of sediments and soils. Numerous reports have described the mechanisms by which the structure is broken down and have documented the assemblages of secondary minerals that form under a range of environmental conditions. Various combinations of secondary minerals have been recognized; for example, feldspar has been described as weathering to a noncrystalline phase (Eswaran and Bin, 1978; Rimsaite, 1979; Eggleton and Buseck, 1980) ; K-feldspar to illite-muscovite (Eggleton and Buseck, 1980) ; to kaolinite and illite (Loughnan, 1969) ; to smectite (Wilson et aL, 1971) ; to smectite from an aluminous precursor (Proust and Velde, 1978) ; to a noncrystalline phase and smectite (Guilbert and Sloane, 1968) ; to kaolinite and smectite (Loughnan, 1969) ; to smectite, kaolinite, and gibbsite (Tardy et aL, 1973; Carroll, 1970) ; to kaolinite and gibbsite (Anand et al., 1985) ; to kaolinite and several forms of halloysite (Keller, 1978; Wilke et al., 1978) ; and to gibbsite (Lodding, 1972; Parham, 1969) . A sequence of minerals from smectite to kaolinite and gibbsite can be predicted on thermodynamic grounds by examination of phase diai Present address: Department of Earth and Planetary Sciences, The Johns Hopkins University, Baltimore, Maryland 21218.
Copyright 9 1990, The Clay Minerals Society grams, such as those of Feth et al. (1964) , Helgeson (1971) , and Garrels (1984) .
The concept that feldspar dissolves incongruently (Correns and Von Engelhardt, 1938) led to the hypothesis that a protective residual surface-layer develops on the altered feldspar and that reactions are controlled by diffusion through this layer. Although much work supports this view, the presence of a diffusionlimiting layer has never been demonstrated. Using X-ray photoelectron spectroscopy (XPS), Petrovic et al. (1976a) illustrated that a continuous precipitate layer does not develop on alkali feldspar. Holdren and Berner (1979) used scanning electron microscopy (SEM) and XPS to show that the clay on feldspar surfaces is Al-rich, hydrous, patchy, and highly permeable. They interpreted this observation to indicate that the metastable products of reaction were not diffusion-limiting and, thus, not capable of controlling the rate of feldspar dissolution. Holdren and Berner (1979) supported the idea first proposed by Lagache et aL (1961) that weathering of feldspar is a surface-controlled reaction. Helgeson et aL (1984) used transition state theory and irreversible thermodynamic calculations in further support of this conclusion.
The rate at which silicates hydrolyze is controlled by the kinetics of reactions at activated sites at which A1--O and Si-O bonds are disrupted (Aagaard and Helgeson, 1982) . Many authors have argued that hydrogen is involved in the disruption of these bonds, replacing K, Na, or Ca in the feldspar structure (Fred-77 erickson, 1951; Garrels and Howard, 1959; Marshall, 1962; Wollast, 1967; Wollast and Chou, 1985) . Aagaard and Helgeson (1982) summarized results indicating that it is H30 + and not H + that enters the exchange position. A steady-state mechanism involving the creation and destruction of a critical activated complex at the surface has been proposed (Aagaard and Helgeson, 1982) .
Access of a solution to the feldspar surface is probably controlled by defects, cleavages, twin planes, and cracks. Dissolution appears to proceed by preferential attack at energetically favored sites (Berner and Holdren, 1977; Nixon, 1979) . Studies of surface textures of weathered minerals indicate that this mode of attack results in the formation of solution pits (Siefert, 1967; Parham, 1969; Lundstrom, 1970; Berner and Holdren, 1977) .
Considerable uncertainty still exists as to whether secondary minerals precipitate from solution or crystallize from transient, noncrystalline aluminosilicate intermediates. Early investigators (e.g., Fieldes and Swindale, 1954) stated that with the exception of micas, all primary silicates pass through a noncrystalline stage in transition to secondary phases. This statement contrasts with views expressed more recently in the literature, which suggest that the dominant transformation mechanism involves dissolution and reprecipitation. For example, Tsuzuki and Kawabe (1983) suggested that a dissolution-reprecipitation mechanism may be responsible for the entire sequence from feldspar to kaolinite. Keller (1978) stated that the most logical mechanism for the production of kaolin-group minerals is via solution. Eswaran and Bin (1978) proposed that feldspar alters via solution to kaolinite and gibbsite, but via a noncrystalline stage to halloysite. Petrovic (1976b) suggested that the mechanism for the transformation of synthetic, noncrystalline precipitates that polymerize and reorder on aging is also dissolution-reprecipitation. In a recent study, however, Tazaki and Fyfe (1987) identified primitive clay and Fe compounds on, or adjacent to, surfaces of weathered feldspar.
Although several studies have been made of the artificial alteration of muscovite (e.g., t 'Serstevens et aL, 1964; Rausell-Colom et al., 1965; Lin and Clemency, 1981) , few studies have described the natural weathering of this mineral. Churchman (1980) used X-ray powder diffraction (XRD) and chemical data to describe a range of mica-vermiculite-beidellite minerals and suggested that smectite inherited its octahedral sheet from muscovite.
The present study combines transmission, scanning, and analytical electron microscopy to describe the mineralogy, morphology, composition, and sequential formation of weathering products of feldspars and muscovite. The results show the presence of a previously undescribed phase lacking long-range order, which appears to be an intermediary between the feldspar and clay minerals.
EXPERIMENTAL

Samples
This study is based on weathering of K-feldspar, plagioclase, and included muscovite lamellae in the Bemboka Granodiorite and the Bullenbalong Granodiorite, southeastern New South Wales, Australia. The mineralogy, chemistry, and origin of these granodiorites were described by Beams (1980) and White et al. (1977) . The geochemistry and mineralogy of the weathering profiles were described by Banfield (1985) ; the weathering of the biotite was reported by Banfield and Eggleton (1988) and of apatite by Banfield and Eggleton (1989) . The weathering profile in the Bemboka Granodiorite was illustrated in Banfield and Eggleton (1989) . The terms slightly, moderately, and highly weathered are used in the present paper to refer to the extent to which samples have been weathered. Intensity of weathering was estimated from the sample density and clay content, as determined by particle size analysis. Further discussion of these terms was given in Banfield and Eggleton (1989) .
Electron microscopy
For scanning electron microscopy, crystals of feldspar were extracted from crushed granite and saprolite, mounted on stubs, coated with either carbon or gold, and examined in a Cambridge Stereoscan 180 scanning electron microscope operated at 30 kV. An energy-dispersive X-ray spectroscopic system (EDX) provided qualitative elemental analyses, useful for distinguishing plagioclase from K-feldspar.
Samples were prepared for transmission electron microscopy (TEM) by ion-beam thinning. Ar atoms were fired at 22* to the sample from two opposing guns after ions had been accelerated across a high voltage (4-5 kV) in a vacuum of 10 -4 torr. Grain-mount samples of plagioclase, K-feldspar, and their alteration products were prepared by crushing minerals and depositing a suspension of the material onto 3-ram holey carbon grids. Comparison of results from samples prepared by the two methods allowed the separation of artifacts resulting from ion-milling, such as the readily identifiable noncrystalline thin edge, from real characteristics of the specimens. Heating of the sample during ion-milling generally resulted in the collapse of smectite basal spacings to close to 10/~, from about 12/~ as determined by XRD. Beam heating in the TEM resulted in the rapid destruction of smectite, extremely rapid destruction of kaolinite, and deformation and destruction of halloysite. Most images were obtained at comparatively low magnifications (~ 100,000 • and as rapidly as possible to reduce beam damage.
Electron images and diffraction patterns were obtained using a JEOL 100CX transmission electron microscope. The compositions of alteration products and parent minerals were examined using a JEOL 100CX scanning-transmission electron microscope (STEM) equipped with an energy-dispersive detector. The STEM allowed qualitative chemical analysis to be made of small areas of material (< 1000/~ in diameter). Compositional data were converted to ratios of (backgroundsubtracted) counts under major peaks. Quantitative mineral compositions obtained using an energy-dispersive Technisch Physische Dienst electron microprobe allowed the estimation of K-factors used to semiquantify analytical electron microscope (AEM) analyses. AEM data were only collected from areas that could be clearly imaged in the STEM, restricting analysis to the very thin edges of samples, thus satisfying the thin-film criteria of Cliff and Lorimer (1975) . 
X-ray powder diffraction
The feldspar samples and their hydrothermal alteration and weathering products were examined by XRD using a Philips goniometer and 1010 generator operating at 40 kV and 20 mA, Co radiation, and a graphite monochromator, Halloysite was distinguished from kaolinite in samples by formamide treatment and thermal dehydration (Churchman et al., 1984) .
RESULTS
Weathering of plagioclase
The first stages of plagioclase weathering were identified by examination of crystals from very slightly weathered granodiorite. Electron micrographs showed etch pits located at dislocations, and on twin planes (Figure 1 a) and cleavages in otherwise unaltered plagioclase. The etch pits commonly had a prismatic form, resembling negative crystals. In some pits, material resembling aggregates of tiny, equidimensional particles, here termed "cell-textured" material, coexisted with clays characterized by 10-11-A basal spacings ( Figure lb) .
In samples from more extensively weathered granodiorite, etch pits were much larger, and their margins were more irregular. A small quantity of patchily distributed cell-textured material was present adjacent to Figure  2 ). The individual "cells" were partially aligned outward from the surface of the feldspar, and formed strips about 50 ~k wide in poorly defined 1000-~k-wide, 2000-~-long domains. In some areas narrow bands of clay, two or three unit cells wide, were noted in these parallel strips. The material had a cell-like texture regardless of the orientation in which it was viewed. The selectedarea electron diffraction pattern (SAD) from this material ( Figure 2b ) contained diffuse rings and arcs at 3.4, 2.3, 1.6, 1.4, and 1.2 ~. Outward from the feldspar surface, the abundance of cell-textured material was less, and larger, curving bunches of clay having basal spacings of 10-13 ~ were common ( Figure 3) .
In some regions the clay having the 10-13-~k basal spacing was rimmed by another cell-textured material ( Figure 4 ). STEM analyses indicated that this cell-textured material contained considerable Fe. The celltextured material separated smectite from aggregates of spherical clay particles, commonly about 1000 ~ in diameter ( Figure 4b ). The spherical clay particles were abundant, commonly dominating the assemblage of plagioclase weathering products. AEM analyses, X R D from hand-picked weathered plagioclase crystals, and SEM images of this mineral indicated that it was spherical halloysite.
Unquantified AEM data from the clay having a 10-11-A (from SAD and measured from images) basal spacing that was interfingered with the cell-textured material are plotted on AI:Si:(K + Na + Ca) and Al: Si:Fe triangular diagrams in Figure 5 . These data, in conjunction with the approximately 10-~ basal spacing (~ 12 ,~ by XRD), suggest that this alteration product was collapsed smectite.
AEM analyses illustrated that the alteration products contained abundant Ca, as well as Na and K, and that they were greatly enriched in Fe relative to the parent feldspar. Although the Ca content was not quantified (due to the lack of a suitable internal standard), it was greater than that normally encountered in smectite. No evidence for a second Ca-rich mineral was obtained. The clays ranged in composition between smectite and kaolinite. A structural formula estimated for the smectire illustrated in Figure 4b (assuming all the analyzed clay was smectite, all Fe was ferric, and calculated assuming most Ca was not in the smectite structure, e.g., assuming x was small) is: (K0.aCax)(Feo.25A13.78) (Si7.6A1o.4)O2o(OH)4. nU20.
Another abundant weathering product ofplagioclase was noted in cavities, growing outward from the corroded plagioclase surface (Figure 6a ). Its composition (AI = Si), and morphology as seen in TEM (Figure 6a ) and SEM (Figures 6b and 6c ) images indicated that it was almost certainly tubular halloysite. The interface between the feldspar and halloysite tubes was narrow, 
Weathering of muscovite
The weathering of muscovite resulted in changes in the chemistry, basal spacings, and morphology of the lameUae. The apparent degree of weathering could also be correlated with increasing sensitivity of the phyllosilicates to damage in the electron beam. Chemical data indicated that muscovite lamellae altered initially by losing K (see Figure 10) . This reaction appears to have proceeded simultaneously with, or following, alteration of the surrounding plagioclase (Figure 7 ). TEM images indicated that the K-deficient muscovite crystals characteristically had a more irregular shape (Figure 8) than the prismatic laths o f fresh muscovite.
Electron micrographs indicated that K-depletion of muscovite was followed by the development of apparently wider (11-12 A) layers, which were distributed randomly amongst the 10-,~-wide K-deficient muscovite layers (Figure 9 ). Guthrie and Veblen (1989) demonstrated that compositional differences between illite and smectite layers can produce apparent changes in basal spacings, which do not reflect structural differences. The proportion and distribution of these apparently wider layers in the altered muscovite lamellae was variable. Higher proportions of wider layers apparently correlated with more extensive weathering. AEM analyses revealed that muscovite contained no detectable Mg and Fe. Weathering products had an AI: Figure 7 . Transmission electron micrographs of K-deficient muscovite lamella surrounded by abundant weathering products of plagioclase.
Si ratio similar to that of muscovite; they contained considerably less K and small quantities of Mg and Fe. The basal spacings and composition of the muscovite weathering products were consistent with their being composed of randomly interstratified illite/smectite. (I/S). Compositional data for the muscovite and I/S are presented in Figure I 0. The data form a trend from muscovite, toward a smectite composition that plots close to the A1-Si edge of the triangular diagram. This smectite is distinguished from that formed by the weathering ofplagioclase by its higher AI:Si ratio, lower content of Ca, K, Na, and Fe, and the presence of Mg.
In more highly weathered muscovite, irregular sincerite lamellae contained packets of platy kaolinite, identified in TEM images and electron diffraction patterns by 7 -~ basal spacings (Figure I I) . The highly weathered granodiorite contained kaolinite pseudomorphs after muscovite (AEM data in Figure I0 ).
K-feldspar weathering
Electron microscopy indicated that fresh K-feldspar (Bemboka profile) contained abundant etch pits, typically associated spatially with dislocations and twin planes. In the early stages, weathering apparently proceeded by crystallographically controlled dissolution. Etch pits were locally present on linear dislocations. Small quantifies of cell-textured material similar to that found in plagioclase were present in some of these pits, commonly coexisting with phyllosilicates. It was not until most of the other minerals in the granodiorite had been extensively weathered that K-feldspar was replaced by appreciable quantities of clay.
In more highly weathered K-feldspar, strips of cell- Figure 8 . Transmission electron micrograph of a muscoviteillite-smectite lamella that has a more irregular morphology than that of the prismatic muscovite lamellae. textured material, as wide as 0.5 gm, were observed on feldspar surfaces (Figure 12 ). Higher magnification images from this region ( Figure 13 ) illustrated that outward from this interface the cell-textured material was internally foliated, and individual strips of clay were present in some areas. The larger crystals of clay were identified as smectite by their composition, basal spacing in electron images, and by X R D of weathered K-feldspar crystals. The curved bands of smectite are illustrated in Figures 12, 13c , and 13d. A narrow strip of cell-textured material can be seen at most feldspar surfaces, probably a metastable intermediary between feldspar and smectite. Figures 12 and 13 illustrate the spatial relationship between K-feldspar and its weathering products. The alteration front shown in Figure  12 is irregular, extending into the feldspar along cracks and cleavage planes, leaving isolated blocks of unaltered K-feldspar. Weathered K-feldspar in the Jindabyne profile was found to be characterized by many of the features described in the K-feldspar from the Bemboka profile. The Jindabyne K-feldspar also contained cell-textured material and smectite that occurred as more regular, prismatic, elongate bands than those described above.
The compositions of alteration products from the two profiles are plotted in the K:AI:Si and Fe:AI:Si triangular diagrams in Figure 14 . Average compositions of the cell-textured material and smectites are given below: Bemboka cell-textured material (for point marked + in Figure 14 i tites from both profiles were Fe rich. The difference between smectites from the two profiles was the higher Fe content of the Bemboka smectite. Electron microscopy and XRD indicated that halloysite and kaolinite also were abundant products of K-feldspar weathering. Spherical halloysite (distinguished from kaolinite by its morphology and from smectite by a 7-8-/~ basal spacing and composition) commonly coexisted with smectite; tubular halloysite locally was found in cavities in more weathered samples. Kaolinite was the most abundant alteration product of the K-feldspar. Electron micrographs illustrated that this mineral formed irregular, commonly radiating laths in regions adjacent to those dominated by smecrite and cell-textured material.
DISCUSSION
Electron micrographs suggested that weathering of plagioclase and K-feldspar began at energetically favored sites, such as dislocations and twin planes. Dissolution was initially strongly controlled by the crystallography of the parent feldspar, resulting in the formation of sculpted surfaces honeycombed by prismatic pits and cracks. Similar processes have been well documented by many authors, particularly Holdren (1977, 1979) .
In more highly weathered samples, the surfaces of large etch pits were much more irregular. Whereas defects were probably critical in providing initial pathways for solution and strain free-energy to promote reaction, the role of localized crystallographically controlled dissolution was greatly reduced as weathering proceeded. This reduction may have corresponded with a changeover to a surface-controlled reaction involving the cell-textured material, as alteration became more intense.
Protocrystalline material
The initial alteration products ofplagioclase, K-feldspar, and muscovite were transitory, apparently developed in response to the local physical and chemical conditions near the surfaces of the etch pits within the feldspar crystals. The cell-textured product of feldspar alteration had a variable composition and limited crystal order, as shown by the broad maxima in electron diffraction patterns and low contrast in TEM images. Although the electron diffraction lines were diffuse compared with those from feldspar, they were much sharper than those produced by the noncrystalline ionbeam-thinned edge of the sample. Furthermore, noncrystalline materials produced by electron irradiation differ both in appearance and diffraction characteristics from the cell-textured material described here. The celltextured material resembled allophane in composition (Si:A1 = 1.3-2.0; Henmi and Wada, 1976) and apparent lack of long-range order; however, the absence of pronounced spherical morphology, the presence of abundant iron, and the different diffraction pattern (allophane: d = 3.35, 2.25, 1.45 /~; Henmi and Wada, 1976 ) distinguished this material from allophane. The TEM data indicated that the cell-textured material was not noncrystalline, yet it lacked the long range order of a strictly crystalline material. The term 'protocrystalline' is used her to describe this material. The intergrowth of abundant protocrystalline material with rare strips of clay only a few unit cells wide, Figure 13 . Transmission electron micrographs illustrating (a) cell-textured material adjacent to corroded K-feldspar; (b) narrow bands of clay formed within cell-textured material; (c) alignment within domains of cell-textured material; narrow strips and larger bands of clay; (d) progression from feldspar, to cell-textured material to larger elongate bands of clay. the mixtures of clay and protocrystalline material, and the close spatial association of these areas with large crystals of smectite suggest that the protocrystalline material was a precursor of the clay. Although this protocrystalline material was not a volumetrically abundant weathering product of either feldspar, its presence at most feldspar margins suggests that it was an essential step in the conversion of the feldspar structure to smectite.
Formation of smectite
The replacement of both plagioclase and K-feldspar by smectite probably involved the formation of the protocrystalline intermediate, which may have contained polymers inherited from the feldspar structure. The retention of fragments containing more than three A1 or Si cations is unlikely, because removal of K, Na, Ca probably destroyed the feldspar structure. Crystallization of the randomly oriented, initially narrow strips of smectite required change of most of the A1 from 4-coordination in feldspar to 6-coordination, as well as a reorganization of tetrahedral and octahedral units and the addition of hydroxyl groups and water molecules.
The presence of a foliation within the protocrystalline material may reflect the initial stages of recrystallization (Figures 2 and 13) , possibly representing the construction of the basic 2:1 layers. Tazaki and Fyfe (1987) described 'primitive' clays formed during feldspar weathering, which were somewhat similar to the smectites observed in the present study. The latter, however, were probably produced by recrystallization of protocrystalline material intermediate between the feldspar and the clay. Tazaki and Fyfe (1987) reported Fe compounds on, or adjacent to feldspar surfaces.
Role of Fe
The protocrystalline material that developed at the alteration front in both plagioclase and K-feldspar contained substantial (and variable) quantities of Fe. The very low Fe content of the parent minerals precludes the derivation of the Fe from the feldspar. Fe released by breakdown of other minerals, such as biotite, amphibole, or oxides, must either have been scavenged from solution by the protocrystalline material or adsorbed onto the feldspar surface and subsequently incorporated into its weathering products.
Although Fe was almost certainly not necessary for the weathering reactions to have proceeded, its presence probably had some effect, possibly similar to that reported for A1. The retarding effect of A1 in solution on dissolution was reported by Chou and Wollast (1985) . Casey et al. (1989) proposed that adsorption of a hydrated A1 ion onto the feldspar surface results in the combination of two silanol groups and the elimination ofa hydronium ion and water. The consequent repolymerization of the surface stabilizes the hydration layer. We suggest that adsorption of ferric iron may have promoted repolymerization in a manner similar to that suggested by Casey et al. (1989) , resulting in the development of an Fe-enriched feldspar weathering product, such as the protocrystalline material.
Alternatively, if Fe 2 § had been present in solution, oxidation coupled with hydrolysis of water may have provided H § or HaO § which attacked the feldspar structure, releasing K, Na, or Ca, as proposed by previous workers. The ferrolysis reaction may be written as:
2 Fe(H20)22+ta,o + 1/2 02 ~ 2 FeO(OH)ts) + 4 H § + H20.
For Fe to participate in this manner, solutions in the weathering profile must have been, at least episodically, relatively reduced. The characteristics of a weathering solution (pH, oxygen content, dissolved ions) probably varied dramatically due to seasonal changes and in response to adjacent mineral weathering reactions, thereby explaining the mobilization of Fe and its precipitation in altered feldspar crystals.
In the ferric state, hydrolyzed iron may have also promoted feldspar weathering by buffering the pH. At pH 4-7, the most abundant Fe ~+ species is [Fe(OH)2' 4H20] + (Lindsay, 1979) . Polymerization of two such monomers releases a hydrogen ion according to the equation The increase in pH resulting from K+-H30 + exchange would promote the ion monomers to coalesce into dimers (and higher molecular-weight polymers), releasing H + and restoring pH.
Sequential development of feldspar weathering products
The spatial distribution of plagioclase weathering products suggest a mineralogical pathway involving the replacement of feldspar by protocrystalline material, smectite, a second protocrystalline material, and spherical halloysite. After dissolution formed networks of cavities, A1 and Si precititated from solution, resulting in the growth of tubular halloysite.
The breakdown of smecfite may have been the result of increased throughflow of solution and a decrease in the pH of the local environment. The composition of the protocrystalline material that replaced it suggests that the smectite contained a range (at times very large) of Fe contents probably due to the accumulation of Fe that was released from smectite and not incorporated into halloysite.
Plagioclase should be replaced sequentially by smecrite and kaolinite on the basis of phase diagrams, such as those ofFeth et aL (1964) , Loughnan (1969) , Keller (1970) , and those of Helgeson (1971) for higher-tem-perature alteration (200~ Similarly, the pathway for the replacement of muscovite by illite, smectite, and kaolinite can be traced on a log(aK § § vs. log a(SiO2) diagram such as that of Garrels (1984) . These pathways reflect the progressive change in composition of solutions within the rock during alteration, possibly reflecting increased porosity and throughflow of water as weathering proceeded. The overall trend appears to have been toward an assemblage of minerals in equilibrium with fluid having the composition and oxygen fugacity of meteoric water (Loughnan, 1969) .
Most diagrams constructed for the alteration of K-feldspar predict the development of K-mica or illite as the intermediate phase between feldspar and kaolinite (e.g., Keller, 1970) . In the profiles examined in the present study, K-feldspar did not develop secondary phases until late in weathering. The efficient removal of K at this stage may have promoted the replacement of K-feldspar by smectite rather than illite.
No evidence has been found to suggest that the abundant kaolinite formed by the weathering of K-feldspar crystallized from a protocrystalline material. Kaolinite developed in regions of sample adjacent to the smectite-protocrystalline intergrowths. In some regions in the altered feldspar, only kaolinite was present adjacent to the K-feldspar surface. Epitactic crystallization of kaolinite onto smectite may have taken place to some extent by the orientation and morphology of the kaolinite.
Muscovite weathering
The weathering of muscovite probably began after substantial alteration of the surrounding plagioclase had occurred. The experimental work Rausell-Colom et al. (1965) indicates that the removal of K from muscovite is extremely difficult and strongly dependent on the K content of the solution. Consequently, increased access of dilute water to the altering mica may have been required before K was substantially removed. Subsequently, individual layers of K-depleted muscovite were probably converted to smectite. The replacement of muscovite by smectite apparently occurred by direct exchange of components within the existing layers (Figure 9 ). AEM analyses indicated that mica-derived illite and smectite contained small quantities of Mg, probably released from adjacent biotite by weathering reactions, and traces of Fe. This smectite differed from that derived from plagioclase by having a higher AI:Si, which may reflect the control exerted by the more aluminous composition of the parent. Smectite formed by the replacement of mica was, like the plagioclase-derived smectite, a transitory mineral, and was subsequently replaced by kaolinite.
Platy kaolinite developed from muscovite by crystallizing epitaetically onto existing phyllosilicates, eventually forming kaolinite pseudomorphs (Figure 11 ).
Transfer of material seems to have occurred via the solution, as no evidence was observed for a protocrystalline stage; however, the direct conversion of the structures cannot be completely ruled out. The distribution of kaolinite layers adjacent to pre-existing smectite and illite, rather than randomly throughout these minerals suggests that crystallization occurred by epitactic growth from solution. This mechanism of kaolinite crystallization has also been inferred for replacement of other 2" 1 phyllosilicates in biotite-weathering reactions (Ahn and Peacor, 1987; Banfield and Eggleton, 1988) .
Crystallization of spherical and tubular halloysite and kaolinite
Several models have been presented to explain the relationships between the various forms of halloysite, kaolinite, and noncrystalline material. Tazaki (1981) noted that noncrystalline material or allophane merged to form crinkled sheets containing > 10% FeO. She proposed that sheets transformed to spherical particles by a reduction of Fe 3+. As tubular halloysite did not contain appreciable Fe, she suggested that tubes formed from an Fe-poor parent or by the removal of Fe from the crinkly film. Wilke et al. (1978) claimed that different degrees of enrollment result in the formation of platy, tubular, and spheroidal halloysite. Nagasawa and Miyazaki (1976) suggested that the morphology of halloysite is closely related to the parent rock type. Kurabayashi and others (in Sudo and Shimoda, 1978) described a sequence in which (rhyolitic) glass was transformed to allophane, then to 'chestnut-shell'-like particles that subsequently formed 10-~ tubular halloysite. Minato (198 l) proposed that kaolinite formed from more acidic solutions than halloysite.
Within the sequences examined in this study, some evidence suggests that three separate mechanisms were responsible for the development of spherical halloysite, tubular halloysite, and kaolinite. Spherical halloysite probably crystallized from a protocrystalline precursor. Its growth pattern is consistent with that proposed by Eggleton (1987) for noncrystalline AI-Fe-Si oxyhydroxides. Tubular halloysite developed as a space-filling mineral, growing outward, probably via solution, from corroded feldspar surfaces, and kaolinite formed in the early stages of weathering appeared to have crystallized epitactically onto existing phyllosilicates. No chemical distinction between spherical and tubular halloysite was detected using the STEM with a spot size comparable with that of a single spherical halloysite particle. Crystallization in the presence of abundant water, such as in cavities in feldspar, and within the presumably hydrous protocrystalline material, apparently favored the growth of halloysite. Lower activity of water, such as within micas and as encountered during the dry stages in periodic wetting and drying in the profile, should have promoted the crystallization of kaolinite. These factors may explain the development and distribution of the different forms of halloysite and kaolinite within altering feldspars. The extent to which this mechanism provides a general explanation for the coexistence of these minerals is not known.
SUMMARY AND CONCLUSIONS
Several series of transitional phases formed during the weathering of K-feldspar, plagioclase, and included muscovite in granodiorite. In some of these sequences the direct transformation of structures was inferred, some involved the formation of protocrystalline material, and others appear to have proceeded by dissolution and reprecipitation. Transitional minerals crystallized in local environments within the feldspar crystals. Because a chemical distinction could be made between the smectite produced by weathering of the different minerals although they existed in close proximity, the distinct microenvironments probably formed on a sub-micrometer scale. The changing stability (or metastability) of weathering products was probably due to the increased access of dilute oxygenated solutions as etch pits became enlarged and formed networks. Consequently, intermediate products of weathering provided only temporary sites for elements, such as Ca, K, (Na), Mg, Fe, and Si, which were subsequently removed in solution or precipitated as other alteration products.
A protocrystalline phase formed adjacent to many of the corroded feldspar surfaces. In some regions this cell-textured material coexisted with very narrow bands of clay, which probably was the initial nucleation product in the recrystallization sequence that produced larger, curved bunches of smectite.
The assemblage of clay minerals produced by weathering of feldspars and muscovite included spherical halloysite, tubular halloysite, and platy kaolinite. The distribution of these three chemically indistinguishable (by AEM) minerals suggests that their morphologies were the direct result of the manner in which they crystallized; tubes formed in cavities by growth from solution, spherical particles developed from protocrystalline precursors, and kaolinite formed largely by templating onto existing phyUosilicate structures.
